Neurotrophins are key regulators of the fate and shape of neuronal cells and act as guidance cues for growth cones by remodeling the actin cytoskeleton. Actin dynamics is controlled by Rho GTPases. We identified a novel Rho GTPase-activating protein (Grit) for Rho/Rac/Cdc42 small GTPases. Grit was abundant in neuronal cells and directly interacted with TrkA, a high-affinity receptor for nerve growth factor (NGF). Another pool of Grit was recruited to the activated receptor tyrosine kinase through its binding to N-Shc and CrkL/Crk, adapter molecules downstream of activated receptor tyrosine kinases. Overexpression of the TrkA-binding region of Grit inhibited NGF-induced neurite elongation. Further, we found some tendency for neurite promotion in full-length Grit-overexpressing PC12 cells upon NGF stimulation. These results suggest that Grit, a novel TrkA-interacting protein, regulates neurite outgrowth by modulating the Rho family of small GTPases.
The Rho family of small GTPases (RhoA, Rac1, and Cdc42) control actin dynamics (6, 17, 55) , whereas much less is known about the mechanism of the spatiotemporal regulation of their activities (16) . Rho GTPases function as molecular switches, shuttling between a GDP-bound inactive state and a GTPbound active state. Rho GTPases are regulated by the opposing effects of two classes of enzymes, guanine nucleotide exchange factors (GEFs) of the Dbl family and GTPaseactivating proteins (GAPs). Dbl GEFs act to enhance the exchange of bound GDP for GTP and thus activate the Rho GTPases, whereas GAPs inhibit Rho family members by potentiating their intrinsic GTPase activity (55) . In principle, local activation of GTPases in response to intra-or extracellular signals could occur by local activation of GEFs or inhibition of GAPs. The recent identification of novel Rho GTPase regulators (GEF/GAPs) associated with specific receptors (48, 52, 56) is beginning to unravel the molecular mechanism linking extracellular cues to highly localized changes in the actin cytoskeleton, underlining a variety of essential biological functions including cell division, adhesion, motility, and polarity.
Neuritogenesis can be seen as a particular form of cell motility driven by Rho GTPases; actin dynamics during growth cone navigation evolves into stabilization of the cytoskeleton and neurite elongation (13, 30) . Rac1 and Cdc42 seem to be positive regulators, whereas RhoA seems to be a negative regulator, in process outgrowth from neuronal cells (26, 30) . In neuronal morphogenesis, neurotrophins (NGF, brain-derived neurotrophic factor, neurotrophin-3, and neurotrophin-4/5) are key regulators of the fate and shape of neuronal cells and have been shown to act as guidance cues for growth cones in vitro and in vivo (30, 39, 49) . Trk tyrosine kinases, which are high-affinity receptors for neurotrophins, activate a variety of signaling cascades through their binding molecules composed of enzymes and adapters. Multiple effectors of Trk signalings, e.g., Ras, PI 3-kinase, and phospholipase C␥, are coordinately regulated through their shared usage of adapter moleculesi.e., Shc family, IRS family, FRS-2, Grb2, Crk/CrkL, and Gab1/2, etc.-and they constitute dynamic networks (4, 24) . Thus, to understand how neurotrophins regulate the growth of neuronal process, it is a critical issue to elucidate the mechanism by which localized cues of neurotrophins are transmitted to cause local reorganization of actin filaments through specific combinations in these networks.
Here we identified a novel neurally enriched Rho GTPaseactivating protein (RhoGAP), Grit, which was constitutively associated with TrkA, a high-affinity receptor for NGF, and preferentially stimulated GTP hydrolysis of RhoA and Cdc42 over that of Rac1. Grit had additional partners, N-Shc and CrkL/Crk, both of which are adapter molecules in phosphotyrosine signaling downstream of activated receptor tyrosine kinases including Trk receptors (32, 34, 35) . Through the binding of Grit to these adapters, Grit translocation was regulated by receptor stimulation. In PC12 cells, overexpression of the TrkA-binding region of Grit significantly inhibited NGF-induced neurite elongation. Further, we found some tendency tion of Alexa 488 anti-rabbit IgG and Alexa 594 anti-mouse IgG (Fig. 3E ). The combination of Alexa 488 anti-mouse IgG and Alexa 594 anti-rabbit IgG was used in another experiment (Fig. 8E) . The samples were then washed with PBS containing 0.2% Tween 20 and examined under a BX60 or IX71 microscope (Olympus) equipped with an MRC-1024 (Bio-Rad) or FV500 (Olympus) laserscanning confocal imaging system.
Immunoprecipitation and GST pull-down assay. Cells were harvested in icecold lysis buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1.5 mM MgCl 2 , 1% Nonidet P-40, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride) containing protease inhibitors (Complete; Roche), and the lysates were then immunoprecipitated as described earlier (34) . Immunoprecipitates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with the desired antibodies. The glutathione S-transferase (GST) pull-down assay was performed as previously described (33) . Cell lysates were incubated with 10 to 25 g of GST fusion proteins on glutathione-Sepharose (AmershamPharmacia) for 2 h or overnight at 4°C. The washed beads were boiled in SDS-sample buffer, and the bound proteins were analyzed by immunoblotting.
RhoGAP assay. Recombinant RhoA, Rac1, and Cdc42 were produced by using the pGEX-2T expression vector (Amersham-Pharmacia) as described (38) . The proteins (1 g, 40 pmol) were preloaded with [␥-32 P]GTP (30 Ci/mmol; NEN) in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 5 mM MgCl 2 , 10% glycerol, BSA (0.5 mg/ml), and 10 mM ␤-mercaptoethanol for 2 min at 37°C. For measuring the GAP activity of the recombinant Grit GAP domain, 30 ng of preloaded GTPase was diluted with a TM buffer (20 mM Tris-HCl [pH 8.0], 5 mM MgCl 2 , 0.5 mg/ml BSA) containing 2.5 mM GTP and the recombinant Grit GAP domain (residues 1 to 218) to a final volume of 20 l, and then the mixture was incubated at 22°C. The reaction was stopped on ice at 5, 10, 15, or 20 min, and the samples were then filtered through 0.45-m-pore-size nitrocellulose filers. The filters were washed three times with ice-cold wash buffer, and the radioactivity remaining as [␥-32 P]GTP was determined by scintillation counting. For measuring the GAP activity of immunoprecipitated Grit protein or Grit GAP domain, the immune complex was washed with a TM buffer and resuspended in 20 l of TM buffer containing 2.5 mM GTP. The resuspended immune complex was incubated with 6 ng of [␥-
32 P]GTP-loaded RhoA or Cdc42 at room temperature for 20 min (RhoA) or 5 min (Cdc42). The samples were then filtered and counted as above.
Microinjection. Microinjection into Swiss 3T3 cells was performed as described elsewhere (38) . Proteins were injected into the cytoplasm with fluorescein isothiocyanate (FITC)-dextran (5 mg/ml; Molecular Probes) to identify the microinjected cells. Cells were stimulated with lysophosphatidic acid (LPA) (20 ng/ml) for 30 min, platelet-derived growth factor (3 ng/ml) for 15 min, or bradykinin (100 ng/ml) for 5 min and then fixed for 30 min in 2% formaldehyde. For actin localization, cells were incubated with rhodamine-phalloidin (Molecular Probes) and examined with a Zeiss Axioscope microscope.
Neurite extension assays. PC12 cells were grown in 35-mm-diameter glassbottom dishes (Matsunami) coated with polyethylenimine (Sigma) and transfected with 1 g of the indicated Grit construct and 0.1 g of pEGFP-C1 (Clontech). Neurite outgrowth was stimulated with NGF (50 ng/ml; Calbiochem) and allowed to proceed for 58 h in RPMI medium containing 0.1% BSA. Then, the cells were fixed with 3.7% formaldehyde and examined by fluorescence microscopy to detect the presence of the green fluorescent cells that were expected to contain the exogenously expressed Grit proteins. Phase-contrast and fluorescent images were captured with a Zeiss Axiovert microscope. For each GFP-positive cell, lengths of cell body and neurite were measured by using NIH image 1.62. Adhesiveness of cells expressing the Grit GAP domain or its R58A mutant was evaluated by counting the number of GFP-positive cells for each sample by using CELLocate coverslips (Eppendorf).
Nucleotide sequence accession number. The DNA sequence corresponding to a newly determined N terminus of the human Grit protein was deposited in GenBank/EMBL/DDBJ database under the accession number AB079856.
RESULTS
Identification of Grit, a novel member of the RhoGAP family, as a TrkA-interacting protein. The yeast two-hybrid screen was used to search for proteins implicated in neurotrophin/Trk signaling in the course of our study on neuronal adapter N-Shc/ ShcC. Our initial aim was to obtain candidate partners of N-Shc when it was phosphorylated by Trk receptors; thus, the bait consisted of a chimera between the TrkA cytoplasmic region having tyrosine kinase activity and the PTB-CH1 do-mains of N-Shc fused to the GAL4 DNA binding domain and was autophosphorylated when expressed in yeast (data not shown). We obtained 81 clones interacting with either phospho-TrkA or phospho-N-Shc upon screening a cDNA library from human adult brain. Fifteen of the clones encoded an uncharacterized member of RhoGAPs, which was identical to the human KIAA0712. We named this protein Grit, for GTPase regulator interacting with TrkA, because this protein was shown to interact with TrkA receptor in several binding assays (see below).
Grit was found to be a protein of 1,783 amino acids comprising an N-terminal RhoGAP domain, an internal prolinerich (PR) region, and a C-terminal (CT) TrkA-binding region (Fig. 1A) . The internal PR region and the TrkA-binding region contained three and two potential SH3 binding motifs (61) , respectively (Fig. 1A) . Grit-related genes have been found in both invertebrates and vertebrates. The genomes of Drosophila melanogaster and Caenorhabditis elegans each contain a single gene with a high degree of homology to Grit within their RhoGAP domains. In mammals, there are at least two other genes that are highly homologous to Grit, i.e., the previously characterized RhoGAP member CdGAP (27) and one uncharacterized cDNA, F25965_3. We performed phylogenetic analysis of the RhoGAP domains of the Grit-related proteins and compared them with the RhoGAP domains of p190, N-chimerin, and Bcr ( Fig. 1B and C) . This analysis revealed that the GAP domains of Grit-related RhoGAPs were more closely related to each other than to the GAP domains of p190, Nchimerin, and Bcr and thus identified Grit-related RhoGAPs as a subfamily within the larger RhoGAP family (Fig. 1B) . The CdGAP/Grit subfamily revealed a high degree of conservation within the N-terminal RhoGAP domain (Fig. 1B and C) and some similarity in succeeding sequences but little or no homology in the CT half (not shown).
Grit expression is abundant in the nervous system. Northern blot analysis revealed three RNA transcripts of Grit at ϳ9.0, 6.0, and 3.2 kb, with the highest levels of expression in the brain and testis and lower levels of transcripts in the pancreas and colon ( Fig. 2A) . Abundant expression of Grit mRNA in the embryonic day 19.5 rat was found by in situ hybridization to be restricted to the nervous system (both central and peripheral) and to a part of the gastrointestinal tract (Fig. 2B) . We prepared two kinds of affinity-purified polyclonal antibodies (PR205 and CT205) against different regions of Grit. Although the predicted molecular mass of Grit protein was 191 kDa, either type of antibody reacted with a band of 250 kDa (Fig. 2C) ; therefore, we concluded that this 250-kDa band corresponded to endogenous Grit protein. Consistent with this, a band of 250 kDa was detected by both anti-FLAG and anti-Grit immunoblotting of the lysates of FLAG-tagged Gritexpressing COS-1 cells (data not shown). Grit protein was expressed at high levels in neuronal cells SH-SY5Y, SMS-KCN, and PC12 (Fig. 2C) , as expected in light of its abundant mRNA expression in neural tissues. Further, comparable Grit expression was detected by RT-PCR in both naive and differentiated PC12 cells (Fig. 2D) .
The subcellular localization of Grit was examined in neuritebearing neuronal cells. In SH-SY5Y human neuroblastoma cells differentiated with retinoic acid, Grit gave a punctate pattern of staining throughout the cytoplasmic compartment with anti-Grit antibody PR205 (Fig. 2E to G) . In particular, Grit was also detected at the cell periphery ( Fig. 2E ) and at the tips of neurites ( ceptor, we first transfected PC12 cells with human Grit cDNA and stained them with anti-Grit antibody PR205, because the anti-Grit PR205, with excellent specificity for human Grit ( Interaction between Grit and TrkA receptor. The cytoplasmic region of TrkA directly interacted with the Grit-CT region (residues 1443 to 1738) in the yeast two-hybrid assay (Fig. 3A) . The shortest Grit fragment binding to TrkA in yeast consisted of the CT 53 amino acids, although its affinity for TrkA was considerably lower than that of Grit-CT (not shown). The specific interaction between Grit and TrkA, when the two were The cytoplasmic region of human TrkA (not the TrkA/N-Shc chimera used in the initial screening) fused to the GAL4 DNA binding domain or the GAL4 DNA binding domain alone was coexpressed in the yeast two-hybrid assay with the GAL4 transactivation domain alone or with the GAL4 fusion to Shc PTB domain or Grit-CT region. Positive interactions were indicated by the induction of the lacZ reporter (blue color). (B) 293 cells were transfected with the FLAG-tagged Grit-CT construct and the indicated Trk cDNA. Anti-FLAG immunoprecipitates were probed with anti-pan Trk or anti-FLAG (for Grit-CT detection) antibody. Exposure times were adjusted so that comparable levels of signals were obtained in anti-Trk immunoblotting of cell lysates. (C) Lysates from PC12 cells with or without NGF treatment were incubated with either 25 g of GST or GST fusion containing Grit-CT on glutathione-Sepharose. Whole-cell lysate (7% of starting material) and eluates from the affinity beads were analyzed by anti-Trk immunoblotting (top). Eluates were also subjected to SDS-PAGE and Coomassie staining (bottom right). For evaluation of NGF-induced Trk autophosphorylation, anti-Trk immunoprecipitates from mock-or NGF-treated PC12 cells were probed with antiphosphotyrosine antibody (bottom left). Abbreviations: IP, immunoprecipitation; CBB, Coomassie brilliant blue. (D) 35 S-labeled in vitro-translated wild-type TrkA and a series of its mutants (top panel) were incubated with 10 g of either GST or GST fusion containing Grit-CT protein. Inputs and eluates from the affinity beads were subjected to SDS-PAGE, and the labeled proteins were then detected by autoradiography. Abbreviations: TM, transmembrane domain; TK, tyrosine kinase domain; asterisk, ATP-binding site. (E) PC12 cells were treated with NGF for 2 days and costained as indicated above the panels (merged images at righ show Grit in green and TrkA in red). Scale bar, 5 m. (F) 293 cells were transfected with FLAG-Grit cDNA, serum starved, and treated with NGF for 5 min. Anti-FLAG immunoprecipitates were probed with antiphosphotyrosine (top) or anti-FLAG (middle) antibody. NGF-dependent Trk autophosphorylation was confirmed as in Fig. 3C (bottom).
coexpressed in mammalian cells, was examined in 293 cells. As shown in Fig. 3B , the interaction between TrkA and the Grit-CT region was readily detected in a coimmunoprecipitation experiment, whereas neither of two other neurotrophin receptors, TrkB and TrkC, bound to the Grit-CT region. We carried out an extensive database search for a sequence homologous to this TrkA-binding CT region but did not find significant homology to any sequence.
Grit bound to TrkA independently of phosphorylation of the receptor. Lysates prepared from mock-or NGF-treated PC12 cells were incubated with GST alone or with GST fusion protein containing Grit-CT. Comparable levels of TrkA were recovered from both cell lysates with GST-Grit-CT, although TrkA did not bind to GST alone (Fig. 3C, top) . Tyrosinephosphorylation of TrkA upon NGF treatment was confirmed (bottom-left).
Grit bound to the C terminus of the TrkA receptor. In vitro-translated wild-type and deletion mutants of TrkA were detected at comparable levels (Fig. 3D, left) and tested for their interaction with Grit by use of the GST pull-down assay. TrkA receptors lacking their most CT part (TrkA⌬C1) failed to bind to GST-Grit-CT (Fig. 3D, right) .
We investigated by double labeling whether there was overlap in the distribution of endogenous Grit with TrkA in neurite-bearing PC12 cells treated with NGF. As shown in Fig. 2E to L, Grit showed punctate staining, and a substantial pool of Grit colocalized with TrkA along and at the tips of the neurites (Fig. 3E) .
It is well-known that the TrkA receptor activated upon NGF stimulation phosphorylates many of its binding molecules (4, 24) . Anti-FLAG immunoprecipitates from mock-or NGFtreated 293 cells cotransfected with FLAG-Grit and TrkA were analyzed by antiphosphotyrosine immunoblotting. Grit was clearly tyrosine phosphorylated following NGF stimulation (Fig. 3F) .
Grit is a GAP for Rho/Rac/Cdc42 and preferentially stimulates GTP hydrolysis of Rho and Cdc42 over that of Rac. The recombinant RhoGAP domain of Grit was incubated with RhoA, Rac1, or Cdc42 preloaded with [␥-32 P]GTP, and the amount of hydrolyzed GTP was measured (Fig. 4) . Grit had an in vitro GAP activity toward Rho/Rac/Cdc42; the Grit GAP domain efficiently stimulated GTP hydrolysis of RhoA and Cdc42, whereas the effect on Rac1 was a moderate one (compare the GTP hydrolysis stimulated by 2 nM GAP for 5 min with the corresponding intrinsic GTPase activity). We further examined the effect of the Grit RhoGAP domain on the morphology of Swiss 3T3 fibroblasts, in which RhoA, Rac1, and Cdc42 were shown earlier to elicit distinct morphological changes (36) . When the Grit GAP domain was overexpressed, the Swiss 3T3 cells rounded up and extended very long and beaded processes (Fig. 5A, arrowhead) ; this change closely resembled the morphological change of fibroblasts transfected with p190 RhoGAP (51), which was shown to preferentially regulate GTP hydrolysis of RhoA (43) . Next, the recombinant Grit GAP domain was microinjected into serum-starved Swiss 3T3 cells, and its effect on morphological changes induced by extracellular agonists was examined. Rho-dependent, LPA-induced stress fiber formation (Fig. 5B) and formation of Cdc42-dependent, bradykinin-induced filopodia (Fig. 5C ) were completely abolished by the Grit GAP microinjection. Although Rac-dependent, platelet-derived growth factor-induced membrane ruffling was also inhibited by the Grit GAP microinjection, a larger amount of RhoGAP was required to inhibit the Rac-dependent actin change than to inhibit RhoA-dependent or Cdc42-dependent structural changes (data not shown); this was in line with the result of the in vitro GAP assay (Fig. 4) . Mock injection had no effect on the formation of Rho-dependent, LPA-induced stress fibers or Cdc42-dependent, bradykinin-induced filopodia (Fig. 5D) . These results indicate that the Grit GAP domain worked toward Rho/Rac/Cdc42 and preferentially stimulated GTP hydrolysis of RhoA and Cdc42 over that of Rac1. Also, full-length Grit protein exhibited GAP activity for RhoA and Cdc42 (see below, Fig. 7F) .
Effect of wild-type and mutant Grits on NGF-induced neurite outgrowth in PC12 cells. Within a wide range of effects of NGF/TrkA signaling, neurite outgrowth is most closely linked to actin remodeling controlled by Rho GTPases. The PC12 cell has been extensively used for studies on neurite extension due to its ability to undergo differentiation to a neuron-like phenotype in response to NGF. To investigate the function of Grit in neurite outgrowth, we examined the effect of expression of FLAG-tagged wild-type Grit or its mutants (Fig. 6A ) in PC12 cells. By anti-FLAG immunoblotting, we estimated that the expression level of full-length Grit was 1/10 to 1/20 of the levels of the three mutant products, possibly due to their different sizes (not shown), and thus the effect of Grit on neurite outgrowth was assessed relative to that in the control cells (transfected with GFP alone). Naive PC12 cells did not show significant neurite outgrowth by the transfection with wild-type or mutant Grits only (not shown). The cells transfected with GFP alone developed neurites by 2.5 days of treatment with NGF (Fig. 6B, control) . In contrast, transient overexpression of the Grit-CT region and RhoGAP domain strongly inhibited neurite extension induced by NGF (Fig. 6B) . The proportions of neurite-bearing cells were calculated (Fig. 6C) . In GFP-transfected cells (control), the proportion of neurite-bearing cells was 58% in the presence of NGF. However, only 28% of the Grit-CT-expressing cells bore neurites even in the presence of NGF (Fig. 6C) . These results suggest that Grit-CT, i.e., the TrkA-binding region of Grit, significantly inhibited NGF-induced neurite outgrowth and acted in a dominant-negative manner in NGF signaling. In contrast, the cells overexpressing full-length Grit efficiently developed neurite in response to NGF (Fig. 6B) . The proportion of neurite-bearing cells in full-length Grit-expressing cells was 64% (Fig. 6C) , indicating that Grit overexpression promoted neurite outgrowth, although not at a significant level. PC12 cells were also transfected with the R58A mutant of full-length Grit (Grit R58A), which was expected to lack most of its GAP activity, and examined in the same way. The proportion of neurite-bearing cells in the Grit R58A-expressing cells (55%; not shown) was comparable to that in the control cells (58% in Fig. 6C ). The reason why the dominant-negative effect was observed for the Grit-CT expression but not for the Grit R58A expression could be that the expression level of the former was 10-to 20-fold higher than that of the latter, due to their different sizes. However, at least we can say that the tendency for neuritepromotion in the full-length Grit overexpressing cells upon NGF treatment disappeared in the Grit R58A-expressing cells. In this assay, the Grit GAP domain inhibited neurite extension (neurite bearing, 30%), and this inhibitory effect was not detected in the cells transfected with the R58A mutant of RhoGAP domain (neurite bearing: 59%). Considering the different effects between the Grit GAP domain and full-length Grit, the RhoGAP activity of Grit appears to be regulated by an elaborate mechanism (see Discussion). Taken together, these results suggest that Grit is one of the significant components in NGF-induced neurite outgrowth. Other partners of Grit, N-Shc and CrkL/Crk, are adapter molecules in phosphotyrosine signaling. Grit was expressed throughout the nervous system, including the brain (Fig. 2) , whereas few neurons in the brain express TrkA receptor in contrast to the predominant expression of TrkA in peripheral neurons (4) . The question thus arises as to whether there are any binding partners of Grit in TrkA-negative neurons. To address this issue, we studied the interaction between Grit and (11, 33, 34, 44, 50) as well as in many other phosphotyrosine-mediated signalings including the EGF pathway (7, 41) . By using EGF-treated COS-1 cells overexpressing FLAG-tagged Grit-CT and T7-tagged Shc family members, we found that N-Shc, a central-neuron specific adapter (34) , bound efficiently to Grit-CT (Fig. 7A) .
The interaction between Grit and N-Shc occurred through the N-Shc SH2 domain. Wild-type and deletion mutants of N-Shc were expressed at comparable levels in COS-1 cells (Fig.  7B, left) and tested for their interaction with Grit-CT by coimmunoprecipitation. The N-Shc SH2 domain interacted with Grit-CT as effectively as did the wild-type N-Shc, whereas N-Shc mutants lacking the SH2 domain did not bind to Grit-CT (Fig. 7B, right) . This association between Grit and the N-Shc SH2 domain was confirmed by the GST pull-down assay (Fig. 7C) . Although the SH2 domain is generally thought to be a phosphotyrosine-binding module, the interaction between full-length Grit and N-Shc was detected in both the absence and presence of EGF (Fig. 7D ), indicating that this interaction was constitutive, as reported for other SH2-mediated interactions (12, 46) .
Since N-Shc was shown to bind to the phosphorylated EGF receptor via its PTB domain (37), the Grit-N-Shc complex may relocate to the activated receptor upon ligand stimulation. To assess this possibility, we transfected COS-1 cells with the FLAG-Grit construct with or without N-Shc constructs. The transfected cells were serum-starved and then stimulated with EGF. Anti-FLAG immunoprecipitates were analyzed by antiphosphotyrosine immunoblotting. Even in the absence of NShc, a moderate association between Grit and EGFR was observed following EGF stimulation (lanes 1 and 2 in Fig. 7E) ; however, as we expected, the amount of coimmunoprecipitated EGFR was significantly increased in the presence of N-Shc (compare lanes 2 and 4). This increase was not detected in the presence of the N-Shc PTB-CH1 mutant, which did not bind to Grit (lane 6). Also, a trace level of Grit tyrosine-phosphorylation was observed upon EGF stimulation (lane 2), and its level was clearly increased in the presence of N-Shc (lane 4). These results indicate that Grit was recruited to the activated EGF receptor and tyrosine-phosphorylated following ligand stimulation, at least in part, through its interaction with N-Shc.
Next, we measured the RhoGAP activity of full-length Grit protein and examined the effect of Grit tyrosine-phosphorylation on its GAP activity. To increase Grit phosphorylation, we cotransfected COS-1 cells with FLAG-Grit and N-Shc cDNAs as in Fig. 7E . The transfected cells were lysed for immunoprecipitation with anti-FLAG antibody. The immunoprecipitated Grit was incubated with [␥-
32 P]GTP-loaded RhoA or Cdc42, and the GTP hydrolysis was measured. Similarly, the transfected FLAG-tagged Grit GAP domain was recovered, and its GAP activity was measured. The amount of Grit protein was estimated to be 1/10 to 1/20 of that of Grit GAP domain by anti-FLAG immunoblotting (not shown). As shown in the left panel of Fig. 7F , the immunoprecipitated Grit GAP domain exhibited a 2.6-fold increase in RhoA-directed GAP activity (lane 4) compared with the mock immunoprecipitate from untransfected cells (lane 1). Grit proteins from EGF-treated and untreated cells each exhibited an approximately 50% increase (lanes 2 and 3) . Likewise, when a 3.1-fold increase in Cdc42-directed GAP activity was detected for the Grit GAP domain, the Grit protein displayed a 70 to 80% increase in the Cdc42GAP activity with no marked difference between mockand EGF-treated conditions (Fig. 7F, right) . These results indicate that full-length Grit could stimulate GTP hydrolysis of Rho GTPases and that there was no evidence for the effect of Grit phosphorylation on its GAP activity. Figure 7E shows that Grit was associated directly or indirectly with a highly phosphorylated protein (p130) in unstimulated cells and that the binding was abruptly decreased either by stimulation of the cells with EGF or by expression of N-Shc. We found that this p130 protein was Cas. Coimmunoprecipitation using Grit deletion mutants revealed that p130 interacted with the Grit-CT region (data not shown); this was confirmed by the GST pull-down assay (Fig. 8A, top left) . Two-hybrid screening using Grit-CT as a bait revealed Crk, an SH2-SH3 containing adapter (32), as a candidate partner of Grit-CT (data not shown). This is consistent with the existence of SH3 binding motifs in the Grit-CT region (Fig. 1A) . Among Crk SH2-binding molecules, Cas is a tyrosine-phosphorylated protein of 130 kDa (45) . Therefore, we presumed a Grit/Crk/ Cas complex formation, and so we examined this presumption by conducting a pull-down assay using GST-Grit-CT affinity beads. As shown in Fig. 8A , the Grit-CT-interacting p130 was Cas (left panels). Crk and its cousin CrkL were also recovered on GST-Grit-CT beads from PC12 cell lysates, although GritCrkL binding was severalfold tighter than that of Grit-Crk (right). In PC12 cells, constitutive interaction between the transfected Grit-CT protein and CrkL was observed (Fig. 8B) , indicating that separate pools of Grit bound to TrkA and CrkL/Crk adapter in TrkA-positive cells. The presence of fulllength Grit/CrkL/Cas complex in mammalian cells was confirmed by immunoprecipitation of lysates from serum-starved COS-1 cells transfected with Grit cDNA (Fig. 8C) ; furthermore, a prominent increase in Cas was observed in the antiGrit immunoprecipitate when CrkL was overexpressed with Grit in COS-1 cells (data not shown). Since EGF induced the binding of Crk/CrkL to EGFR (15, 19) , Fig. 7E suggests that the Grit/CrkL/Cas complex might be replaced by the Grit/ CrkL/EGFR complex following EGF stimulation; in fact, a similar exchange of Crk's partner upon ligand stimulation was previously observed (25) .
To examine the possible partner exchange of Grit-CrkL upon EGF stimulation, we transfected COS-1 cells with FLAG-Grit-CT, serum-starved them, and then treated them with EGF for the periods indicated in Fig. 8D . EGF-induced association between Grit and phospho-EGFR (top panels) and a concurrent decrease in Grit-phospho-Cas binding (middle panels) were observed. Grit-CrkL binding remained at a significant level during this period (bottom right). Because N-Shc bound to the Grit-CT region ( Fig. 7A and B) , and CrkL/Crk bound to the same region of Grit (Fig. 8A, B and D) , N-ShcGrit as well as CrkL/Crk-Grit interactions were independent and competed with each other; and this could account for the large decrease in CrkL/Crk-binding Cas protein in the Gritcontaining complex by N-Shc expression (Fig. 7E) .
Many SH2-containing signaling molecules, including Crk/ CrkL, are localized mostly in the cytoplasm and are translocated to the plasma membrane upon growth factor stimulation (40); thus, the partner exchange of Grit-CrkL upon ligand stimulation could lead to translocation to the cell periphery. This possibility was examined by double labeling of Grit and Cas in mock-or EGF-treated SH-SY5Y cells. In the absence of EGF, considerable overlap in the distribution of Grit and Cas was observed (Fig. 8E, top) . Upon EGF treatment, Grit was clearly translocated to the edge of the cell periphery, whereas Cas mostly remained in the cytoplasm (the second panels). Likewise, a substantial Grit relocation occurred in membrane ruffles, and the Grit concentration into the ruffles was more prominent than that of Cas (the third panels). Upon EGF treatment, the relocated Grit colocalized with a subset of EGFR in the cell periphery (Fig. 8E, bottom panels) , and the accumulation of phosphorylated Crk at membrane ruffles following EGF stimulation was previously reported (19) ; therefore, the Grit translocation could occur, at least in part, through Grit-CrkL/Crk complex and its partner exchange from Cas to EGFR.
DISCUSSION
The control of activities of individual Rho GTPases is crucial to neurotrophin-induced neurite outgrowth (3, 58, 60) . Our results suggest that Grit, a novel TrkA-interacting protein, regulates neurite outgrowth through modulating Rho GTPases. In PC12 cells, NGF oppositely regulated the activities of Rac1 and RhoA, activating Rac1 and suppressing RhoA (58) . Sos1 has been implicated in NGF-induced Rac activation, and the Sos1/E3b1/eps8 complex, endowed with Rac-specific GEF activity, was proposed to be located somewhat distantly from the activated receptors (21) . In contrast, RhoA was shown to interact constitutively with p75 NTR , a low-affinity neurotrophin receptor (59) . While p75 NTR -mediated down-regulation of RhoA upon neurotrophin stimulation was previously reported (59), we assume a possible involvement of TrkA/Grit in the NGF-induced RhoA suppression to explain the result of our neurite extension assay (Fig. 6) , because RhoA was one of preferred targets of Grit GAP activity (Fig. 4 and 5) . The (5) . Based on this finding, it is possible that TrkA/Grit could be prompted to associate with p75/RhoA complex upon NGF stimulation; Grit could thereby downregulate RhoA in close proximity to the two neurotrophin receptors and positively contribute to NGF-induced neurite outgrowth.
The remarkable difference between the positive effect of the full-length Grit protein and the negative one of the Grit GAP domain on NGF-induced neurite outgrowth supports the idea that RhoGAP activity of the Grit GAP domain should be properly regulated spatiotemporally by other domains including the TrkA-binding region. As in the case of p190, overexpression of Rho-specific GAP could promote neurite outgrowth (9). However, Grit had a GAP activity toward Rho/ Rac/Cdc42; thus, it is not surprising that overexpression of the Grit GAP domain throughout the cell (free from the spatiotemporal control by other domains of Grit) did not accelerate neurite extension, because down-regulation of Rho could increase neurite production, whereas down-regulation of Rac/ Cdc42 could decrease neurite outgrowth (26, 30) . During the 2.5-day incubation in the neurite extension assay, a large excess of Grit GAP domain markedly reduced cell adhesion; the number of Grit GAP domain-expressing cells (mean Ϯ standard deviation) that remained on the substrate was 47.5% Ϯ 6.0% relative to that of controls (100%), whereas the RhoGAP R58A expression did not affect cell adhesiveness (104.0% Ϯ 26.3%). Because the neurite growth rate is changed depending on the strength of cell adhesion (29) , the decrease in neurite outgrowth in the Grit GAP domain-expressing cells could be largely attributed to the decreased adhesiveness.
Another pool of Grit was associated with phosphotyrosine adapter molecules, N-Shc and CrkL/Crk, and thereby could be relocated to a close vicinity of activated receptor tyrosine kinases. Membrane relocation has been described for other Rho regulators, e.g., Tiam1 (10), KIAA0380 (53) , and p190 RhoGAP (8) . However, to our knowledge, the present study provides the first demonstration of a relocation mechanism through a direct adapter binding of a RhoGAP. The relocated Grit would down-regulate Rho/Rac/Cdc42 depending on which GTPase was positioned close to the activated receptors. The N-Shc-Grit interaction and the CrkL/Crk-Grit interaction were independent, and thus Grit relocation was separately mediated by N-Shc and CrkL/Crk. In the case of neurotrophin stimulation, both N-Shc and Crk/CrkL can recruit their partners to the Trk-containing complex (34, 54, 57) . Thus, we suppose that Grit is recruited to this complex and may turn off RhoA also relocated to this complex through the induced Trk-p75 interaction, thereby contributing to neurotrophin-induced neurite outgrowth.
GAP activity itself can be modulated, and the regulation of RhoGAP activity has been classified into two major mechanisms, i.e., RhoGAP phosphorylation and protein-protein interaction. Tyrosine phosphorylation of p190 RhoGAP by Src or focal adhesion kinase has been proposed to regulate its GAP activity (2, 14, 42) . A similar regulation was reported for other GEF/GAPs (18, 28) . However, in the present study, neither an increase nor a decrease in Grit GAP activity was detected following its tyrosine phosphorylation, and thus the functional significance of Grit phosphorylation remains to be clarified. The regulation of GAP activity via protein-protein interaction was recently demonstrated for CdGAP (23) , another member of the CdGAP/Grit family. The CdGAP sequence containing five SH3 binding motifs was responsible for down-regulation of GAP activity by the SH3-containing protein intersectin, and showed a partial homology to the corresponding Grit sequence having three SH3 binding motifs. We have obtained several candidate partners containing SH3 domains by the two-hybrid screening using this region of Grit as a bait (T. Nakamura and N. Mori, unpublished data). Modulation of Grit GAP activity by these candidate binders will be a subject of future research.
Accumulating evidence indicates the critical roles of Rho GTPases in neuronal morphogenesis, including axon growth and guidance (19, 22, 31) , dendrite elaboration (31, 62) , migration, polarity, and plasticity (reviewed in reference 30). A variety of effects of different Rho GTPases in different neuronal compartments indicate that functions and regulations of Rho GTPases may be more complex in neurons than in fibroblasts (30) . Further, the expression of constitutive-active and dominant-negative Rho GTPase mutants often produced similar phenotypes (1, 31, 62) , indicating that Rho GTPase signaling pathway has a cyclic mode of action, particularly prominent in neuronal cells, e.g., a rapid cycling between extension and retraction of filopodia during axonal growth. These views make it increasingly important to elucidate the elaborate mechanism of spatiotemporal control of Rho GTPase activity in individual neuronal compartments. Recently identified Rho GTPase regulators (GEF/GAPs) associated with specific receptors (48, 52, 56) , including Grit, should advance our understanding of these signaling pathways linking extracellular cues, receptors, and molecular switches (GTPases).
